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Abstract: As the world strives toward the common goal of carbon-free economy by 

2050, racing applications and motorsport in general can be a technology booster to 

assist in the transformation process towards alternative propulsion systems. A complex 

energy transition is clearly underway in the entire automotive industry according to 

the established regulations, but it has already begun in motorsport as well. Among 

other initiatives, the Dakar Rally and the FIA have created the T1 ultimate category for 

prototypes powered by low-carbon fuels, including hydrogen. The Dakar represents 

clearly the pinnacle of off-road endurance rally competitions. It offers a great 

opportunity to ORECA Magny-Cours and FEV to expose their jointly developed internal 

combustion engine (ICE), powered with hydrogen only, to ultimate and extreme 

conditions. Furthermore, the highly competitive and challenging environment imposes 

a unique pace of development which can serve as a booster for spurring the H2-ICE 

technology towards a broader range of applications, from pass car over LCV’s up to 

HDV and Off-Highway machinery. Moreover, a hydrogen powered engine represents 

an interesting fit for motorsports because it combines high power output 

simultaneously a relatively long driving range and driving pleasure with an excellent 

carbon footprint. 

 



This publication outlines how ORECA Magny-Cours and FEV are currently converting an 

existing petrol racing engine towards hydrogen direct injection to meet the numerous 

challenges of the Dakar Rally. In several development steps, a newly combustion 

system was engineered that is tailored to utilize gaseous hydrogen combustion. A high 

level of charge motion and optimized mixture formation have ultimately been realized 

using FEV’s dedicated H2-ICE simulation tool chain. Design changes resulting from the 

simulation results are incorporated into the newly specified race engine. Continuous 

thermodynamic investigations are on-going at ORECA Magny-Cours facilities. 

Preliminary experimental results are really promising. Although challenges and 

development hurdles have to be mastered, the combined ORECA/FEV experience will 

bring a viable carbon neutral powertrain solution to compete in the future Dakar Rally. 

1 Introduction and Background 

 The entire mobility and transportation sector in the EU is confronted with substantial and 

ambitious challenges due to massively tightened legislative requirements from two sides. On 

one hand ultra-low pollutant emission norms under massively enlarged real-world conditions 

are mandated and in parallel the pressure to offer rapidly carbon-neutral options is rising. 

Hydrogen (H2) is in front of this background on its way to become a crucial element in this 

context as highly relevant energy carrier of the upcoming time. It will contribute to well-to-

wheel and life cycle CO2 neutral on-road mobility solutions including EU targets for CO2 

neutrality. The European Union as well as important global markets (Japan, Korea, China) plan 

to establish as well a H2 based energy infrastructure as part of a sustainable future energy mix. 

Complementary to the already initiated electrification of propulsion systems on large scale 

the prospect of an emerging hydrogen infrastructure suggests the usage of H2 in sustainable 

powertrain systems. H2 can be employed in clean and efficient fuel cells but the advantageous 

fuel properties may also offer the opportunity to step up the potential of H2 engines into the 

era of sustainable mobility and transportation. 

 

The racing community represented in the past always an environment for advanced and 

innovative technological solutions and acted often as a pacemaker for introduction of 

progressive designs into mature series product developments. Within the joint project “H2 ICE 

for the DAKAR championship”, jointly engineered by ORECA Magny-Cours and FEV Group, the 

realization of a high-performance application with an efficient and carbon-neutral H2 power 

pack for the racing event is targeted. This innovative technology arrangement enables CO2-

free operation with convincing driving ranges, fast refuelling, zero-impact exhaust emissions 

in combination with a powerful H2 engine.  



Following the global trend in terms of de-fossilization and carbon-neutral mobility, as depicted 

in Fig. 1 with highlighting some main initiatives and directives, the decision to adapt this 

approach also for the well-known and highly renowned championship was quite straight and 

clear.  

Figure 1: Global Market Trends and Initiatives for Low or Zero CO2 Achievements 

The ambitious targets for CO2 neutrality are describing the base for local policies and rule 

makings. These challenging targets could be generally achieved completely with battery-

electric vehicles, even for heavier applications, if the corresponding impacts and 

consequences would be quickly solved and substantially enabled in an attractive and 

affordable way. But, for the time being and expected for the upcoming time, the impacts on 

multiple applications regarding typical, every-day use cases are multi-facial and partially 

extremely crucial for the end-user. Facing these challenges, the market is encouraging the 

OEM to investigate alternative solutions, safeguarding the overall business in terms of usage, 

TCO and fulfilment of upcoming legal demands. With the officially released far-reaching “Fit 

for 55” legislative package, a considerable development demand and engineering pressure is 

engaged to ensure the mitigation of all kinds of GHG emissions, mainly CO2 but other species 

as well. Due to the current “Tank-to-Wheel”-based legislation, CO2-neutral fuels –the easiest 

and most powerful option to shrink the CO2 emissions for new as well as in-service vehicles 

out of the transportation segment, are not able to support the fulfilment of the legal targets. 

As remaining alternatives, only Hydrogen (H2) or Ammonia (NH3) have the potential to meet 

the requested carbon-neutral operation of the legal rule makers. Based on today’s technical 

assessment, NH3 is foreseen to preferably power large and largest ICE- applications, like ships 

and vessels. 

From market side and especially end-customer perspective, a higher request for ICE 

powertrains is expected from the more commercially used applications, rather than from the 

classical pass car segment, but potentially as well from some larger SUV’s. The quite large and 

multi-facial bandwidth of relevant market requirements for challenging use cases, covers: 

• High daily mileage 

• Short stops/downtimes 

• 24/7 operation 



• Flexibility and easy, unrestricted use 

• Versatile Usage 

• High payload 

All these attributes are crucial for profitable use of commercial applications and are currently 

not fully ensured by battery electric propulsion in the foreseen time frame, especially for some 

dedicated use case classes. According to this analysis and ranking, an H2-fueled ICE represents 

an attractive option to cover this range of vehicle applications, as it features the advantage as 

well, that the value chain remains higher at the OEM side and existing engine production lines 

can be used for a longer time. The attractiveness and merits of H2-powered engine is as well 

showcased in Fig. 2 in comparison to fully electric vehicles (BEV) and fuel cell motored vehicles 

(FC/BEV). 

 
Figure 2: Drivers for selection of a H2-ICE as propulsion system for future needs 

Currently H2 ICE is being developed by lots of OEMs’ and suppliers as ‘Zero CO2’ powertrain 

technology to comply with upcoming greenhouse gas regulations using currently available and 

well-established internal combustion engine line-up and production facility. And main 

objective of this research is to validate overall potential and technology readiness level (TRL) 

of H2 ICE.  

Facing these multiple technical requirements, the proof and answering of the key questions 

concerning power density, fuel efficiency and reliability as well in a dedicated “stress test” of 

a new propulsion system in a highly challenging competition under severe boundary condition 

always represents an appropriate measure. Therefore, ORECA, THE MOTORSPORT COMPANY, 

located in Magny-Cours, a well-known and highly experienced enterprise in the racing 

business decided to make use of the adaptations of the energy program of the “Dakar Future” 

program and teamed up with FEV group to develop an H2-ICE for the competition in the near-

term Dakar championship. For this initiative, ORECA selected a well-engineered and mature 

base engine with 2,0L capacity to convert and optimize it for H2 operation and the main 

requirements of the tough Dakar Rallye. Fig. 3 describes the key milestones of the mid-term 

pathway towards the final racing competition.  



 

Figure 3: Key milestones of the mid-term development plan for the H2 racing engine 

2 Engine Adaptation and Development 

The base engine is characterized by an in-line 4-cylinder, 2.0 L turbocharged SI engine, 

equipped with a direct fuel injection system. The fuel injectors are located laterally while the 

spark plug is in central position. A high-power density of more than 150 kW/L is targeted once 

converted to hydrogen operation. 

 

Figure 4: Main Specifications for H2-converted Racing Engine (preliminary) 

Fig. 4 delivers a table with main engine specifications, partially still not finally defined 

respectively actually not published for confidentially reasons. 

According to the properties of hydrogen, exist significant benefits and merits, but also some 

hurdles, compared to internal combustion engines burning conventional fossil fuels. Hydrogen 

has unique properties that affect the combustion, such as low quenching distance, high flame 

speed, low minimum ignition energy, and high auto-ignition temperature. These properties 

determine the boundary conditions for the development of the combustion process for a 

hydrogen internal combustion engine. With H2 direct injection, state-of-the-art BMEP values 

have already been demonstrated with spark-ignition engines. However, abnormal combustion 

phenomena have also been observed time and again. 



The conversion of an existing, conventional engine into a H2 powerpack requires therefore a 

full system engineering approach to leverage all interacting aspects and trim the engine with 

the demanded reliability towards highest performance with best efficiency. For normal 

applications on- and off-highway and associated pollutant emission regulations the tailpipe 

emissions display a substantial development aspect. By using H2 as fuel, luckily mainly NOx 

emissions remain as challenging species. For racing applications, environmental requirements 

are as well given, but less stringent, therefore the development focus is biased towards engine 

performance and power density, and, especially for a long-distance race, accompanied by the 

efficiency parameter. 

 

Figure 5: Main Development Areas for H2-fueled ICEs 

It is necessary to conduct thorough thermodynamic simulation activities to maximize engine 

performance. To this end, FEV already has developed an appropriate number of advanced and 

interlinked 1D and 3D simulation tools. These simulation tools are well validated against 

experimental data and are continuously improved as new test data become available. Once 

the air path system - including boosting and valve timing - has been determined by the 1-D 

simulation, the 3D-CFD simulation needs to focus on the best mixture formation with direct 

fuel injection. The chosen layout of the injection system is a Direct Injection (DI) concept and 

will be covered by 3D-CFD simulations. For this purpose, a two equation Reynolds averaged 

Navier Stokes Simulation (RANS) method is applied. It is considered highly relevant due to its 

greater experience and database, including validation with test data. In comparison to Large 

Eddy Simulation (LES), RANS proves to be a cost-efficient method since no cyclic variability 

needs to be resolved. LES studies have been performed at FEV for other pent-roof, hydrogen 

DI combustion systems and, in tendency, the predicted mixture homogeneity levels are 

slightly better, therefore the chosen RANS approach can be interpreted as a “worst case“. The 

commercial software code "CONVERGE CFD" version 3.0 was used and the higher diffusivity 

of hydrogen was taken into account by considering the different Lewis numbers in the 

mixture. The predictive injector model for the nozzle geometries, was validated with respect 

to the gas penetration length. Example results for a gas injector are shown in Figure 6. 

 

 



 
Figure 6: Base optical research activities for tuning of the simulation tools for the CAE-based 

development 

In contrast to the injection of liquid fuel, the injected gaseous hydrogen initially displaces the 

air in its path due to diffusion and turbulent structures before the mixing process starts. The 

interaction between the injected hydrogen and the charge motion is of crucial importance for 

the homogeneity of the mixture. In FEV’s experience, pent-roof combustion chamber layouts 

(generating a tumble motion) are generally more favourable than flat-head designs, which 

produce swirl, in terms of mixture homogeneity for direct hydrogen injection. In the pent-roof 

design at hand, the location of the injector is another critical parameter. The base engine 

features a lateral DI gasoline injector, and the existing bore could be used for hydrogen DI 

injector. Rated power operating point was identified to be the most critical in terms of mixture 

homogenization, as the injection times (in relation to the engine crank angle) are the longest, 

and the least time is available for mixing. Mixture homogeneity is important because near 

stoichiometric operation, fuel rich zones in the combustion chambers result in reduced 

efficiency and potentially lower driving range. A step-by-step approach is taken to validate the 

base design with the integration of a lateral hydrogen injector. In a first step, a “dry” 3D-CFD 

simulation is performed without injection. The boundaries conditions applied are summarized 

in Table 1. 

Engine operation point Max power point 

Pressure inlet 3.6 bar (stationary) 

Temperature inlet 308.15 K (stationary) 

Pressure outlet 2.8 bar (stationary) 

Temperature outlet 1223 K 

Start of Injection (SOI) α° CA 

End of Injection (SOI) β° CA 

Table 1. Boundary settings for initial 1-D/3-D calculation routine on the base engine 

2.1 Fuel Introduction and Mixture Formation 

For a proper conversion and adaptation of an existing engine towards H2 operation, the 

specific characteristics of H2 as fuel from chemical and physical perspective must be 

considered and appropriately respected.  



Key objective of today’s hydrogen engine operation is to realize highly lean combustion 

throughout entire operating range for enhanced thermal efficiency with extremely low NOx 

emission and as well achieving high power density without abnormal combustion, such as pre-

ignition and knocking. Even if the emission demands for racing applications is less pronounced 

then for upcoming on-road applications under stringent EU-7 emission standards, a well-

engineered balance between performance and emission behaviour should be targeted, while 

safeguarding robust and reliable combustion without undesired in-cylinder occurrences. 

Figure 7 delivers a characteristic impression of the correlation and interaction between rel. 

A/F ratio, NOx output and engine efficiency. 

Figure 7: NOx-emission behaviour and other characteristic parameters for H2-fueled ICEs as 

function of rel. A/F ratio 

It is well accepted for emission requirements, that near zero NOx emission is possible with 

relative air-fuel ratio (λ) over 2.5 (Fig. 8) and target λ is defined according to engine operating 

range.  

 

Figure 8: Schematic depiction of operational strategy with dedicated full and part load 

operating conditions 

For engine speed and load frequently visited during normal vehicle operation, rather limited 

under racing conditions, the guiding target is to achieve λ > 2.5 under stationary conditions, 

focused on high efficiency and low NOx emissions. For high load and rated conditions, 

including the full load curve, target is to achieve a λ-value higher than 1.7 to prevent abnormal 

combustion while maximizing the power output of the engine. 

▪ The H2-ICE has similar but still different exhaust properties compared to diesel and gasoline engines 

depending on the chosen combustion concept. The exhaust gas mass flow, temperature as well as the 

composition need to be considered

▪ Technologies can be transferred and combined from diesel and gasoline applications facing different 

challenges
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Figure 9: Impressions of H2 fuel introduction under different geometrical arrangements 

For this specific purpose, FEV Group uses advanced development methodologies, combining 

fundamental laboratory testing and experimental investigations with powerful and verified 

simulation tools and processes. As an example, Fig. 9 displays measurements for fuel 

penetration and evaporation in a pressure chamber with “Schlieren” and pLIF-techniques for 

validation and verification of CAE-based computations.  

As shown in Fig. 9, not only relative air-fuel ratio but mixture uniformity has substantial impact 

on NOx emission as well. For improved mixture uniformity, higher hydrogen jet penetration is 

crucial and beneficial for better spatial distribution of hydrogen and providing momentum for 

air and fuel mixing. Hydrogen injector used in this research has outwardly opening nozzle and 

it is observed that injector recess has big impact on jet penetration and resulting mixture 

uniformity. Penetration and shape of jet are therefore optically investigated by high speed 

Schlieren photography using helium as surrogate for hydrogen. Visualization is done with 

varying injector recess for both plain chamber and combustion chamber resembling insert. 

Definition of injector recess and shape of insert varied as well. Fig. 9 shows Schlieren images 

of hydrogen jet taken at 1.5 ms after start of injection in plain chamber with 0-, 4- and 7-mm 

recess. 35 bar injection pressure and 2 bar ambient pressure is applied. Schlieren images 

indicate that jet penetration is highest with 4 mm recess. With 0 mm recess, jet collapses at 

the exit of nozzle and penetration reduces due to Coanda effect. With 7 mm recess, compared 

with 4 mm recess, penetration also reduces due to increased shear loss in injector hole. And 

higher recess also leads to increased volume of locally rich mixture inside injector hole. 



 

Figure 10: Intake port composition with H2 utilization at rated speed conditions w/  

             standard gasoline valve lift curves  

To evaluate the charge motion and the gas exchange, key performance indicators, such as the 
tumble ratio, the turbulence kinetic energy (TKE) or the residual gas scavenging are 
monitored. Overall, a good tumble motion is conserved even very late during the compression 
stroke, very important for higher engine speeds above 4000 rm. Flow velocities at the spark 
plug (at ignition timing) are also reasonable. In addition, the engine design allows a rapid and 
effective scavenging of the residual gas. Only <2 % of mass flow remains trapped in the intake 
plenum. Due to the stable charge motion, the engine offers a good basis for conversion to 
hydrogen operation. In the next phase a simulation with hydrogen injection is performed to 
evaluate the interaction of air and gaseous hydrogen. 

For a proper injection of the newly fuel type, a CNG-derived 6.2 hydrogen injector provided 
by a profound mass production supplier is introduced to the engine. This injector is driven by 

solenoid actuator with a maximum operating pressure of 35 bar, while opening outwardly 
into the combustion chamber. An adjusted nozzle design is incorporated to achieve the high 
flow rate required for the low-density hydrogen injection. A further benefit of the outwardly 
opening nozzle design is given by the self-sealing behaviour due the existing cylinder pressure 
during compression and combustion. The Injector tip features a diameter of 7.5 mm, which is 
identical to the genuine gasoline injector, which enables simple and straight-forward 
conversion from gasoline to hydrogen-powered engine operation. 



The interactions of the hydrogen jet with the open intake valves are noticed when looking at 
the iso-contour with stoichiometric hydrogen fraction and the AFR animation. The simulation 
also showed that some of the hydrogen is flowing back into the intake port. This can quickly 
become critical because hydrogen/air mixtures have broad ignition limits with respect to the 
air/fuel ratio and only minor amounts of energy are needed for ignition. Therefore, hydrogen 
backflow must be avoided to prevent potentially damaging backfires. Following this 
adaptation step, initial simulation checks for in-cylinder conditions in the entire engine 
operational regime resulted in some observations, which concluded in some critical 
assessments concerning H2 operation. As one characteristic example, the operational 
conditions under rated power conditions concluded in the observation, that an amount of 1,9 
m% of hydrogen is streaming back into the intake port/plenum, which results in an elevated 
risk of backfiring events during longer/continuous full load operation, as depicted in Fig. 9. 

Fig. 11: Modified intake valve lift profile w/ earlier intake valve closure for mitigation of H2 

backflow    

In order to prevent the backfiring risk due to accumulated hydrogen in the intake system, an 
adaptation of the valve timing layout was performed, and a new valve lift curve was 
thoroughly investigated with respect to full load power with minimized or suppressed 
hydrogen backflow. The corresponding results are presented in Fig. 7. As an earlier intake 
valve closure is considered, an enriched operation at full load is as well targeted, which also 
lowers the requirements on the boosting system. With realizing a richer A/F by approximately 
0,3 units, but still remaining on the lean mixture formation side, the requested boost pressure 
could be lowered from 3,6 bar down to 2,7 bar, which represents a significant step, also with 
regard to the gas exchange work. The modified valve timing design is accordingly transferred 
to further simulations and computation to optimize the overall performance and efficiency 
parameters of the H2 racing engine design. 



As fast and comprehensive mixture formation describes still a major development target for 
hydrogen operation, even considering the beneficial H2 properties incl. the extremely fast 
burning velocity, the in-cylinder conditions were investigated in detail as well. The hydrogen 
injection interacts with the existing (port induced) charge motion and turbulence and 
enhances it by its momentum and shear at the jet boundary. 

Figure 12: Charge Motion and Turbulence Level of initial and modified valve lift profile 

The positive effects of the shorter intake valve event (earlier IVC) are well proven in the 3D-
CFD injection simulation results shown in Figure 12. The backflow is reduced by 95 % and has 
a positive effect on the volumetric efficiency. In the pent-roof DI concept, the tumble motion 
and the turbulence kinetic energy are on a high level. The tumble motion is dissipated during 
the compression stroke generating additional turbulence. The turbulence is important for 
mixture formation and aids the flame propagation. Figure 12 illustrates both tumble and TKE 
levels for the old and the updated boundary conditions, including hydrogen injection. 

The subsequent Fig. 13 provides a comparison of the charge motion and the turbulence level 
inside of the combustion chamber for both layouts and the corresponding operational 
conditions at rated power. 

Fig. 13: Valve lift profiles and Impact on volumetric efficiency and H2 mass in intake plenum 



Both, earlier intake valve closure as well as the richer air-fuel ratio, provide no significant 
impact on the charge motion characteristics, while the H2 backflow is drastically reduced, the 
backfiring risk mitigated and even the volumetric efficiency is positively impacted and 
improved. Achieving the most homogeneous air/fuel mixture possible with direct hydrogen 
injection is a complex challenge since the gaseous hydrogen and the fresh air can only mix 
shortly before ignition. The histogram of the air fuel ratio distribution shows the relatively 
poor mixture quality for the base configuration (Fig 14). With the updated boundaries 
conditions, there is significantly improved mixture formation and as well a reduction in rich 
zones. The relative lambda standard deviation (standard deviation divided by mean value) 
mitigates from 40 % to 25 %.  

However, there is still a considerable portion of rich zones, which impairs combustion 
efficiency. Indeed, a mass fraction of 11 % in the cylinder is below λ = 1 with the consequence 
of incomplete oxidation and worse combustion efficiency. The area below λ = 1 can also create 
hot spots. In addition, Fig. 14 shows the direct improvements with respect to the initiating 
issue. 

Figure 14: Histogram of AFR distribution inside of the combustion chamber (dashed line = 
stoichiometric) 

As already mentioned, the “Coanda effect” can cause gaseous hydrogen to accumulate and 
stick to the combustion chamber surfaces. In this case, the phenomenon can be observed well 
at the injector funnel. (see Figure 16, CC01). Further guidance of the jet toward the liner would 
be favourable not only in terms of mixture formation, but also to minimize the flow to the hot 
spark plug and thus prevent pre-ignition phenomena. An overview with respect to some KPIs 
is given in Table 2. 

Table 2. Concluding summary of 1st phase computation routines and corresponding ranking 

As the next logical step in the optimization process according to the systems approach, the 
injector funnel is therefore engineered to support a better guidance of the H2 fuel jet. In 
addition, a sharper separation of the fuel jet from the cylinder head surface is considered to 
lower the hydrogen flow to the spark plug and its hot surfaces, potentially susceptible to pre-
ignition. 

Cylinder Head Piston SOI / °CA Glob. Lambda / - IVC Lambda Std H2 Intake 

Original Base α λ_base Original

Original Base α λ_updt = λ_base - 0.3 Early



In this following sub-chapter, various injector funnel layouts are investigated. Multiple 
simulation runs have been performed during the development phase. For the sake of clarity, 
in the following chapter, detailed results are just given on three representative cylinder head 
designs, of which an overview is provided in Figure 15. The aim is to evaluate the impact of 
different cylinder head geometry, particularly with respect to the injector funnel. A first 
combustion chamber (CC01) design proposed features a so-called “long” injector funnel. A 
short injector funnel is also investigated (CC02). A third option uses a final design of the funnel 
(CC03), for which details are not given for intellectual property purposes. Nevertheless, results 
will be further discussed. 

 

Figure 15: Schematic depiction of various investigated injector funnel designs 

 

Applying advanced 3D-CFD methodologies to these different cylinder head configurations 
delivers a valuable insight on their impact on in-cylinder occurrences and mixture formation. 
Figure 16 depicts the velocity vector fields at 560° CA within the cylinder. 

With CC01, the jet penetrates well in the direction of the cylinder liner. The mixture 
homogeneity is supported by the breaking up of spray when it interacts with the cylinder head 
wall. However, this interaction with the cylinder head would result in a significant amount of 
fuel being near the spark plug and possibly covering the exhaust valve region, which could 
lead to pre-ignition. In the case of CC02, no interaction with the cylinder head is observed. 
However, the hydrogen jet is extremely compact, which reduces homogeneity. In addition, it 
is difficult to fully scavenge the short injector funnel. 

Figure 16: CFD flow field analysis of investigated injector funnel geometry variations 
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Figure 16 displays the hydrogen concentration at the spark plug as function of the crank angle. 
The lower the concentration near the spark plug, the better it can prevent pre-ignition due to 
the hot surface of the spark plug electrodes. Due to the Coanda effect, fuel accumulates at 
the cylinder head at CC01, which has the highest average concentration. The designs of CC02 
and CC03 allow better spray penetration, preventing early concentration of H2 at the spark 
plug. 

Figure 17: Thermodynamical Results of detailed injector funnel geometries 

As already explained before, suppressing the rich zones means a higher probability of 
complete and competent oxidation and consequently an increase in combustion efficiency. In 
Figure 17, the percentage of mass fraction with λ < 1 is depicted for the three designs. The 
suppression of the rich zones is better for CC01, while CC02 and CC03 perform worse in this 
respect. This can be explained by the already mentioned break-up of the hydrogen jet caused 
by the wall interaction.  
 
A summarizing overview of the simulation runs is shared in Table 3. Mixture homogeneity is 
improved with CC01, but at the cost of increased hydrogen back flow and earlier hydrogen 
concentrations at the spark plug and the hot exhaust valves. Funnel version CC03 prevents a 
strong interaction with the cylinder head and early hydrogen concentrations at the spark plug. 
However, overall mixture formation is not improved with that design. CC02 eliminates 
interaction with the cylinder head but is neutral in mixture homogenization. 
 

 
Table 3. Concluding summary of 2nd phase computation routines and corresponding ranking 

The use of the original cylinder head layout with CC01 was ruled out for reasons of operational 
safety. No clear trend can be identified in the results for the remaining two designs. A layout 
is therefore selected that implements the CC03 geometry on the original cylinder head with a 
minor modification. This means the least financial impact and the fastest implementation. 
Further investigations with this variant will be carried out. To further improve the mixture 
formation, design work on the piston and earlier SOI will be simulated in the following. 

Cylinder Head Piston SOI / °CA Glob. Lambda / - IVC Lambda Std H2 Intake H2 at Spark Lambda < 1

Original Base α λ_updt Early

CC01 Base α λ_updt Early

CC02 Base α λ_updt Early

CC03 Base α λ_updt Early

Cylinder Head Piston SOI / °CA Glob. Lambda / - IVC Lambda Std H2 Intake H2 at Spark Lambda < 1

Original Base α λ_updt Early

CC01 Base α λ_updt Early

CC02 Base α λ_updt Early

CC03 Base α λ_updt Early
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In order to overcome the observed shortcomings and potential limitations, a tailored 
investigation on piston crown design together with advanced SOI settings was conducted, 
based on analysis and interpretation of the observed mixture formation behaviour. A stepwise 
approach provides a back-to-back comparison of the simulation results for the piston design 
and for an earlier start of injection. In that case, the SOI is shifted 20°CA earlier. As shown in 
the velocity magnitude plots of Figure 18, a high upwards velocity zone is present at the piston. 
The piston shape supports the charge motion and directs the hydrogen upwards in tumble 
direction. This will positively impact the homogeneity.   

The hydrogen concentration at the spark plug is hardly affected by the updated piston design, 
and the averaged hydrogen mass fraction (as introduced in Figure 9) increases from 0.02 % to 
0.05 %. With earlier SOI, there is some interaction of the hydrogen jet with the wider open 
valves, resulting in a slight increase in the averaged hydrogen fraction at the spark plug to 
0.33%, which still is very low. 

 

Figure 18: CFD flow field analysis of additional optimization steps 

As can be seen in the subsequent Figure 19, the earlier SOI also slightly increases the hydrogen 
fraction in the intake port due to the valve interaction. Both the updated piston and the 
change to an earlier injection timing significantly improve the mixture homogeneity at TDC, as 
shown in the λ histogram in Figure 19. However, with injection timings going earlier into the 
gas exchange stroke, volumetric efficiency is compromised and the risk of hydrogen backflow 
in the intake port increases. To further quantify the impact of early injection, an SOI variation 
on the testbench would help understanding these effects.  

 

Figure 19: In-Cylinder Effects concerning H2 distribution of add. optimization steps 

+ PISTON UPDT + EARLIER SOI CC03
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However, it is good to know that a relatively small shift in SOI can support the homogeneity if 
the basic combustion chamber layout is well designed. The potential of the modified piston is 
clearly visible in suppression of the rich zones (Fig 19). The mass fraction of the rich zones 
drops from 15.3 % to 10.9 % with the new piston. The advanced SOI, with only 2.6 % mass of 
λ < 1, brings even higher benefit in this regard. 

The outcome of the up-to-date final optimization studies in the initial development phase are 
accordingly summarized in Table 4. It is obvious that the updated piston geometry is picking 
up the downward motion of the jet slightly better and improves the mixing process. With the 
early injection timing, mixture homogeneity improves dramatically. However, if the injection 
window is advanced before the intake valves close, the volumetric efficiency is compromised 
and the risk of hydrogen backflow in the intake port increases. A very good level of 
homogeneity is achieved, which is reflected in a relative lambda standard deviation of 15 %. 
With the CC03 configuration in combination with the modified piston design and an earlier 
SOI, the homogeneity level is comparable to what FEV also determined with external mixture 
formation (utilizing the same methodology, but at lower port-induced charge motion levels). 
H2 backflow can be drastically reduced to less than 0.01 % of the injected mass by choosing 
an early intake valve closing. With the updated injector funnel, early fuel flow to the spark 
plug can be suppressed. Advancing the start of injection (SOI) of 20° aTDC reduces the trapped 
air mass by 2.5 %, but significantly improves mixture homogeneity which can cover these 
losses. However, even with the base cylinder head and minor measures, a very good mixture 
homogeneity could be achieved. More detailed SOI compromise studies will be investigated 
in the upcoming testing phase. 

Fig. 20 displays an additional view on the latest observations in the final phase of the initial 
development period. With earlier injection timings (SOI), the volumetric efficiency is 
compromised, and the risk of backflow increases by tendency again. Better understanding will 
come from dedicated SOI sweeps during the experimental testing at the test bench. 

 

Fig. 20: Interaction of volumetric efficiency, spark timing advance and H2 backflow volume 

The results of the final optimization studies are again summarized in Table 4. It is obvious that 
the updated piston geometry is picking up the downward motion of the jet slightly better and 
improves the mixing process. With the early injection timing, mixture homogeneity improves 
dramatically. However, if the injection window is advanced before the intake valves close, the 
volumetric efficiency is compromised and the risk of hydrogen backflow in the intake port 
increases.  



As the performance output of a race engine application is on highest priority, A/F variations 
were conducted to analyse and enhance the operational behaviour and in parallel obtain 
valuable information about the corresponding emission behaviour. 

 

Table 4. Concluding summary of 3rd phase of computation routines and corresponding ranking 

As said, racing applications do no need to meet typical on-road emission standards, but certain 
limits must be respected and excessive emissions must be avoided, for H2 ICEs mainly focused 
on NOx emissions. 

 

Figure 21: Summary of A/F ratio variations over the entire engine speed band 

As already stated before, combustion anomalies like knocking and/or pre-ignition events 
represent the main limiters for power density of hydrogen powered engines. By increasing the 
power density, the thermo-mechanical stress of the engine is strongly impacted, and the 
component temperatures are significantly elevated, in general, but as well for some explicit 
elements or specific areas, e.g. around the spark plug or at other protruding and/or excessive 
parts. Fig. 22 displays a characteristic description by cylinder pressure data, contain in all kinds 
of combustion events, normal, with pre-ignition and with knocking event. 

 

Figure 22: Combustion Process Details for H2-ICEs 

With the modifications to the injectors position and piston design, the preliminary test bed 
data are satisfactory and in line to engage the next development activities. 
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By using all classical engineering experience concerning component selection, charge motion 
optimization, combustion chamber refinement with support of all benefits of advanced 
simulation routines, one very effective measure to suppress undesired combustion effects is 
provided by tailored liquid water injection.  

Figure 23a: Effectiveness of Water Injection to enhance power density of H2 engines at high 
thermal efficiency. 

Fig. 23a and 23b show the potential to increase the power output by approx. 60% (from 16 
bar IMEP to 26 bar IMEP) by continuously increasing the dosing of water towards the 
combustion chamber. Up to a level of 20 bar IMEP with limited impact of thermal efficiency, 
by higher shares with increasing effect on thermal efficiency. 

The application of additional injectors in the intake manifold for provision of water to lower 
the risk of combustion anomalies under extended high-power conditions can be as well 
utilized for adjusting the fuel injection strategy.  

 

Figure 23b: Effectiveness of Water Injection to enhance power density of H2 engines  
               at high thermal efficiency. 
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The mounted PFI injectors can for sure also contribute to the overall fuel provision of H2 to 
elevate maximum power output under certain operational conditions and can be taken to pro-
actively influence the rich zone areas in the combustion chamber under certain operational 
conditions, depending on valve timing, charge motion and piston contour, as graphically 
depicted furthermore in Fig. 24. 

First analytical and experimental tests with a comparable H2-ICE have been carried out, which 
underline the principal understanding of the approach. Besides the investigations with a 
slightly enlarged DI injector flow rate, also screening tests with additional PFI injectors were 
carried out. Here a potential of approx. 22% power increased was identified. Further 
engineering activities are actually on-going and will be reported later accordingly. 

 

Figure 24: Schematic Illustration for add. PFI injectors to support higher power output 

3 Summary and Conclusions 

Based on the study results, modifications to the injector position and the piston design will be 
implemented. Experimental investigations have started at ORECA at the end of 2022 and 
future investigations will make it possible to evaluate the predictions made. In the meantime, 
various paths to further increase engine performance are being investigated. Following 
discussion with injector suppliers, more mature and advanced injectors with higher fuel rates 
can be considered. A higher flow rate opens new perspectives with a shorter injection 
duration. An even more retarded SOI could be enabled and reduce the compression losses. To 
further retard SOI, support of increased rail pressure would be required. According to internal 
database status, thermodynamic results with different engines offered by tendency a 1% BTE 
increase by retarding the SOI from -150° CA to -100° CA with identical (yet short) DOI. 



Further power increase is also possible when combining available low pressure H2-DI with H2-
PFI. Here a theoretical power increase of more than 20 % is estimated on the base of existing 
database results due to the additional fuel flow via the port injection assembly. The 
possibilities of increasing the engine’s compression ratio with a port water injection are also 
being evaluated. The water reduces the occurrence of abnormal combustion events at higher 
compression ratios significantly. It can also increase efficiency by several percentage points. 
However, considerable water consumption must be accepted. The system complexity and the 
weight would increase, which could be an obstacle to participation in rally competitions. Using 
established technologies while maintaining minimal changes to known engine hardware offers 
a reliable and cost-effective solution for the introduction of hydrogen combustion engines. 
Participating in the future Dakar rally with an H2-ICE is an excellent example of how 
motorsports play an important and stipulating role in development, which then benefits the 
masses by implementing solutions in series production. 
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6 Definitions/Abbreviations 

AFR / lambda Air Fuel Ratio 

BTE Break Thermal Efficiency 

CA Crank Angle 

DI Direct Injection 

DOI Duration of Injection 

ICE Internal Combustion Engine 

IVC Intake Valve Closing 

KPI Key Performance Indicator 

KPP Knocking Perf 

PFI Port Fuel Injection 

SOI Start of Injection 

TDC Top Dead Center 

TKE Turbulence Kinetic Energy 

mailto:koerfer@fev.com
mailto:durand@fev.com


7 Reference List 

[1] M. Fischer1, M. Günther1, J. Seibel2, U. Kramer3, Th. Lorenz3, “Abnormal combustion 

 phenomena of hydrogen fueled internal combustion engines with direct injection”, , H2 

 Cluster Conference, 05/2022 

 

[2] Körfer, Th.1), Busch, H.1), Durand, Th.2), Virnich, L.2), “Efficiency-Optimized Design of an 

H2 Internal Combustion Engine for Commercial Vehicle Applications”, FKFS Conference 

11/2022 

 

[3] Y. H. Chi1, B. S. Shin1, S. Hoffmann2, J. Ullrich2, P. Adomeit3, J. Fryjan3, and R. Drevet4, 

 “Hydrogen Internal Combustion Engine: Viable Technology for Carbon Neutral 

 Mobility”, THIESEL Conference 2022 

 

[4] L. Virnich1, Th. Durand1, V. Huth1, M. Thewes2, “Exhaust gas aftertreatment system 

 layout for hydrogen internal combustion engines”, Baden-Baden Conference 2022 

 

[5] Korn, T. “The Most Efficient Way for CO2 Reduction: The New Generation of Hydrogen 

 Internal Combustion Engines”, 2020 Vienna Motor Symposium 

 

[6] Pauer, T. “H2 ICE for Future Passenger Cars and Light Commercial Vehicles”, 2020 Vienna 

 Motor Symposium 

 

[7] Dreisbach, R. et al, “The Heavy-Duty Hydrogen Engine and its Realization until 2025”, 

 2021 Vienna Motor Symposium 

 

[8] J. Geiler1, K. Springer2, Th. Lorenz2, M. Blomberg3, J. Achenbach3 und P. Bloch1, “H2 

 Engine Hybrid Powertrain for Future Light Commercial Vehicles”, Baden-Baden 

 Conference 02/2023 

 


